
metals

Article

Physicomechanical Nature of Acoustic Emission Preceding Wire
Breakage during Wire Electrical Discharge Machining (WEDM)
of Advanced Cutting Tool Materials

Sergey N. Grigoriev 1 , Petr M. Pivkin 1,2,3,4,* , Mikhail P. Kozochkin 1,4, Marina A. Volosova 1,
Anna A. Okunkova 1 , Artur N. Porvatov 1, Alexander A. Zelensky 1 and Alexey B. Nadykto 5,*

����������
�������

Citation: Grigoriev, S.N.; Pivkin,

P.M.; Kozochkin, M.P.; Volosova,

M.A.; Okunkova, A.A.; Porvatov,

A.N.; Zelensky, A.A.; Nadykto, A.B.

Physicomechanical Nature of

Acoustic Emission Preceding Wire

Breakage during Wire Electrical

Discharge Machining (WEDM) of

Advanced Cutting Tool Materials.

Metals 2021, 11, 1865. https://

doi.org/10.3390/met11111865

Academic Editor: Badis HADDAG

Received: 17 October 2021

Accepted: 15 November 2021

Published: 19 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of High-Efficiency Processing Technologies, Moscow State University of Technology
“STANKIN”, 127055 Moscow, Russia; s.grigoriev@stankin.ru (S.N.G.); m.kozochkin@stankin.ru (M.P.K.);
m.volosova@stankin.ru (M.A.V.); a.okunkova@stankin.ru (A.A.O.); vto@stankin.ru (A.N.P.);
a.zelenskii@stankin.ru (A.A.Z.)

2 Department of Cutting Tools and Machining Technologies, Moscow State University of Technology
“STANKIN”, 127055 Moscow, Russia

3 Laboratory of Micromachining Technologies, Moscow State University of Technology “STANKIN”,
127055 Moscow, Russia

4 Center of Cognitive Technologies and Machine Vision, Moscow State University of Technology “STANKIN”,
127055 Moscow, Russia

5 Department of Applied Mathematics, Moscow State University of Technology “STANKIN”,
127055 Moscow, Russia

* Correspondence: p.pivkin@stankin.ru (P.M.P.); a.nadykto@stankin.ru (A.B.N.)

Abstract: The field of applied wire electrical discharge machining (WEDM) is rapidly expanding due
to rapidly increasing demand for parts made of hard-to-machine materials. Hard alloys composed
of WC, TiC and Co are advanced cutting materials widely used in industry due to the excellent
combination of hardness and toughness, providing them obvious advantages over other cutting
materials, such as cubic boron nitride, ceramics, diamond or high-speed steel. A rational choice of the
WEDM modes is extremely important to ensure the dimensional quality of the manufactured cutting
inserts, while roughness of the machined surface on the cutting edge is of great importance with
regards to the application of wear-resistant coatings, which increases tool life. However, the stock
control systems of CNC WEDM machines, which are based on assessment of electrical parameters
such as amperage and voltage, are unable to timely detect conditions at which a threat of wire
breakage appears and to prevent wire breakage by stopping the electrode feed and flushing out the
interelectrode gap (IEG) when hard alloys with high heat resistance and low heat conductivity, such
as WC, TiC and Co composites, are being machined, due to the inability to distinguish the working
pulses and pulses that expend a part of their energy heating and removing electroerosion products
contaminating the working zone. In this paper, the physicomechanical nature of the WEDM of hard
alloy WC 88% + TiC 6% + Co 6% was investigated, and the possibility of using acoustic emission
parameters for controlling WEDM stability and productivity were explored. Acoustic emission (AE)
signals were recorded in octave bands with central frequencies of 1–3 and 10–20 kHz. It was found
that at the initial moment, when the dielectric fluid is virtually free of contaminants, the amplitude of
the high-frequency component of the VA signal has its highest value. However, as the contamination
of the working zone by electroerosion products increases, the amplitude of the high-frequency
component of the AE signal decreases while the low-frequency component increases in an octave
of 1–3 kHz. By the time of the wire breakage, the amplitude of the high-frequency component
in the octave of 10–20 kHz had reduced by more than 5-fold, the amplitude of the low-frequency
component in the octave of 1–3 kHz had increased by more than 2-fold, and their ratio, coefficient Kf,
decreased by 12-fold. To evaluate the efficiency of Kf as a diagnostic parameter, the quality of the
surface being machined was investigated. The analysis of residual irregularities on the surface at
the electrode breakage point showed the presence of deep cracks and craters typical of short-circuit
machining. It was also found that the workpiece surface was full of deposits/sticks, whose chemical
composition was identical to that of the wire material. The presence of the deposits evidenced heating
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and melting of the wire due to the increased concentration of contaminants causing short circuits. It
was also shown that the wire breakage was accompanied by the “neck” formation, which indicated
simultaneous impacts of the local heating of the wire material and tensile forces. Due to the elevated
temperature, the mechanical properties the wire material are quickly declining, a “neck” is being
formed, and, finally, the wire breaks. At the wire breakage point, sticks/deposits of the workpiece
material and electroerosion products were clearly visible, which evidenced a partial loss of the pulses’
energy on heating the electroerosion products and electrodes. A further increase in the contamination
level led to short circuits and subsequent breakage of the wire electrode. It was shown that in contrast
to the conventional controlling scheme, which is based on the assessment of amperage and voltage
only, the analysis of VA signals clearly indicates the risk of wire breakage due to contamination of
the working zone, discharge localization and subsequent short circuits. The monotonic dependence
of WEDM productivity on AE parameters provides the possibility of adaptive adjustment of the
wire electrode feed rate to the highest WEDM productivity at a given contamination level. As the
concentration of contaminants increases, the feed rate of the wire electrode should decrease until
the critical value of the diagnostic parameter Kf, at which the feed stops and the IEG flushes out, is
reached. The link between the AE signals and physicomechanical nature of the WEDM of advanced
cutting materials with high heat resistance and low heat conductivity in different cutting modes
clearly shows that the monitoring of AE signals can be used as a main or supplementary component
of control systems for CNC WEDM machines.

Keywords: electrical erosion; vibroacoustic signals; electrode-tool; discharge current; erosion
products; spectrum of vibrations; dynamic properties of EDM; vibration diagnostics; adaptive control

1. Introduction

Electrical discharge machining (EDM) is continuously expanding its presence in the
industry due to the ability to perform high-precision processing of conductive materials
regardless of their mechanical properties. The continuously increasing role of EDM makes
research aimed at increasing the stability and productivity of the process and at creating
the opportunities for the transition to “smart” EDM [1–13] operating in a fully automatic
mode very interesting and important. In this work, EDM using wire-cut machines with an
automatically adjustable interelectrode gap (IEG) was studied.

Hard alloys consisting of grains of titanium and tungsten carbides connected via a
cobalt binder phase are widely used as a cutting tool material due to their microstructural
and mechanical stability at elevated temperatures. Such materials have high hardness
varying, for example, in the range 1600–2200 kg mm−2 at TiC fraction of 15% and high
strength varying in the range 1600–1800 MPa [14].

High hardness and wear resistance of these materials are largely due to the carbide
phase, while the Co binder phase provides plasticity and toughness of the composite [15].
Hard alloys composed of WC, TiC and Co are widely used in industry due to the excellent
combination of hardness and toughness that provides them obvious advantages over
other cutting materials, such as cubic boron nitride, ceramics, diamond or high-speed
steel [16–19]. Although machining of these materials is difficult due to their high wear
resistance, their electrical conductivity allows manufacturing complex-shaped products
using WEDM [20].

EDM is based on the use of micro-discharges created in a dielectric fluid between
two electrodes, due to which material is removed from the workpiece surface. Ideally, the
discharge should occur in the zone of the surface being machined, where the highest electric
field strength is present [7]. This zone is characterized by the smallest distance between
the electrodes due to protruding micro-roughness and the presence of other conductive
“particles”. During the discharge, the micro-roughness that initiates the discharge evapo-
rates from the surface of the workpiece, and the next discharge occurs at a different point
with the highest strength of the electrical field, while the uniform distribution of discharges



Metals 2021, 11, 1865 3 of 20

over the entire surface being treated provides a stable ED process [21–24]. However, the
location of areas with the highest electrical field strength is also affected by contamination
of the dielectric fluid in the IEG by electroconductive particles, which are produced during
the EDM process [25–28]. The distribution of dispersed contaminants over the IEG volume
is random and depends on a number of factors including the IEG dimensions [23,29,30],
the applied voltage [30,31], the pulse frequency and duty cycle of the discharges [30–34],
the workpiece and tool materials [33], the speed, at which the dielectric fluid (typically
mineral oil) is pumped [30,35], the thickness of the workpiece being processed and the size
of particles being removed from the IEG [35,36]. To ensure the stability of the ED process,
it is necessary to maintain the removal of contaminants from the dielectric fluid at a rate
that is no less than that at which the new electroerosion products contaminating the IEG
are produced [35].

A rational choice of WEDM modes is extremely important to ensure the dimensional
quality of the manufactured cutting inserts [37–39], while roughness of the machined
surface on the cutting edge is of great importance with regards to the application of
wear-resistant coatings [40–44], which increases tool life [45–57]. During uniform charge
distribution, only the side of the electrode facing the workpiece is heating up, whereas
when the discharges are localized [58,59], the wire is heating up to the full depth [60].
As the temperature rises, the mechanical properties of copper-based conductors sharply
degrade, causing wire electrode breakage accompanied by the formation of a neck (local
narrowing of the section), even if the tension is low.

Here it is important to note that WEDM applications in industry require a stable
electroerosion process, which should ideally occur without wire breakage [61]. The key
parameter for assessing ED stability is amperage in the breakdown between the electrode
and the workpiece [62]. In particular, the critical amperage [63] is used by control systems
in WEDM machines processing traditional tool materials to prevent wire breakage [64–66].
However, in order to increase hardness at high temperatures, alloying components, which,
in addition to enhancing heat resistance [67], also decrease thermal conductivity and, hence,
complicate the nature of the electroerosion process, are added to traditional tool materials.
A decrease in electrical conductivity and contamination of the working zone accompanying
changes in material composition reduces the amperage of the short circuit, which leads to
heating and breakage of the wire [23,68]. This means that in the case when a tool material
with low thermal conductivity and high specific heat, such as, for example, WC 88% plus
TiC 6% plus Co 6%, is being processed, it is necessary to take into account the significantly
increased probability of the discharge localization and, thus, of wire breakage.

In view of these circumstances, in order to increase the reliability of EDM machining,
the cutting modes of CNN EDM machines are adjusted based on the feedback of the
control system, where the common monitoring and control parameters are amperage and
voltage [69–71]. In theory, one determines the ratio of working pulses to the total number
of pulses by measuring them, and, then, based on the determined ratio, the automated
control system adjusts the electrode feed rate. In this case, the control system is based on
the idea that only working pulses fully expend their energy on material removal and idle
pulses exist in the system. However, in reality, there also exist pulses that, while not being
idle, expend only part of their energy on the removal of the materials being machined.

The pulse energy may be lost on removing and heating contaminants being formed
in the dielectric fluid during EDM operation [72,73]. In this case, when the degree of
contamination is relatively small, such pulses may be identified by the control system
as working, while in reality they lose a large fraction of their energy on removing and
heating the electroerosion products. Although these processes have an adverse impact
on the quality of the surface being machined [74], the control system still identifies the
aforementioned pulses as working. In cases where refractory materials, such as composites
of WC, TiC and Co hat conduct heat due to the presence of TiC in their composition [75],
are being machined, the erroneous signal interpretation can lead to rapid wire melting
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and breakage due to the inability of the control system to timely increase the IEG to flush
contaminants from the working zone [76,77].

The temperature fields of the workpiece and electrode were schematically modeled
in the Ansys CAE system and are shown in Figure 1. Uniform heating of the surface at
working pulses unaffected by contamination of the dielectric fluid with electroerosion
products is shown in Figure 1a, while the temperature field for pulses losing their energy
during localization of discharges through contaminants is shown in Figure 1b.
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Figure 1. Temperature fields during WEDM in the cases of (a) uniform distribution of discharges
over the treated surface; and (b) localization of discharges in a relatively small area. Symbols 1, 2 and
3 denote zones of the electrode-tool, electrode-workpiece and interelectrode gap with the dielectric
fluid, respectively.

Today, leading manufacturers of electroerosion equipment (GF Machining Solutions,
Seibu Electric & Machinery Co., Ltd. and others) design their control systems based on
the assessment of the critical current in the plasma breakdown. At high voltage, the
feedback optimization system adjusts the feed rate and IEG [78–81]. Because controlling
the amperage and voltage of the discharge pulses no longer provides a reliable estimate of
the fraction of energy expended on interaction with contaminants, the real-time assessment
of probabilities of short-circuiting and wire breakage loses accuracy, in turn leading to wire
melting and breakage, thus significantly reducing the stability and productivity of WEDM.

In the case of heat–resistant instrumental materials with low thermal conductivity,
it would be logical to use temperature measurements for diagnostic purposes. However,
this is impossible because in contrast to EDM drilling operations [82], for example, the
temperature of the hottest section in which a short circuit occurs can neither be measured
nor simulated in WEDM [83].

This indicates that the rational choice and use of monitoring and control parameters in
the WEDM of heat-resistant tool materials with low thermal conductivity is very important
as a fundamental and applied problem, a solution to which would allow machining of
complex-shaped cutters using thin wires, which is necessary to provide the required
dimensional accuracy of the cutting edges [84].

Since poor heat dissipation during the processing of hard alloys may lead to a pro-
found cumulative effect even if a small fraction of the pulses’ energies is lost in removing
and heating contaminants in the dielectric fluid [85], it is proposed that vibroacoustic
emission signals be used as diagnostic parameters, thus allowing indirect determination
of the degree of contamination by identifying the limiting values of the acoustic emission
parameters at which the concentration of erosion products in the dielectric fluid will no
longer allow normal WEDM operation due to the prevalence of short circuit pulses over
working pulses.

In this paper, we investigated the physicomechanical nature of acoustic emissions
preceding wire breakage in the WEDM of heat-resistant tool materials with low thermal
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conductivity and employed acoustic emission parameters to prevent wire breakage. In
particular, we studied the impacts of growing concentrations of electroerosion products
contaminating the dielectric fluid on vibroacoustic signals in order to assess the possibility
of using the signals to control the WEDM of heat-resistant tool materials with low thermal
conductivity, for which conventional control system designs are insufficiently reliable. In
order to validate conclusions reached in this work, we conducted a set of experimental
studies on cutting hard alloy samples in organic oil with galvanized copper wire. We
showed that, in contrast to the analysis of voltage and amperage used in conventional
control systems, the analysis of VA signals allows the prevention of short circuits at
high levels of contamination in the working zone. We also performed an experimental
investigation of the wire surface at the breakage point, which helped to validate theoretical
conclusions regarding the impacts of growing contamination on the wire melting and
breakage and to confirm a link between VA signals and contamination level.

2. Materials and Methods
2.1. WEDM Process

Voltage pulses can be divided into three categories: working pulses (nw), the energy of
which is expended in removing the workpiece material; idle pulses (ni) [75–78], which are
not able to cause a breakdown of the dielectric fluid; and short circuit pulses (nsc). Figure 2
schematically shows how the efficiency of the EDM process and the ratios between pulses
of different types change depending on the IEG size.

Metals 2021, 11, x FOR PEER REVIEW 5 of 21 
 

 

of the degree of contamination by identifying the limiting values of the acoustic emission 

parameters at which the concentration of erosion products in the dielectric fluid will no 

longer allow normal WEDM operation due to the prevalence of short circuit pulses over 

working pulses. 

In this paper, we investigated the physicomechanical nature of acoustic emissions 

preceding wire breakage in the WEDM of heat-resistant tool materials with low thermal 

conductivity and employed acoustic emission parameters to prevent wire breakage. In 

particular, we studied the impacts of growing concentrations of electroerosion products 

contaminating the dielectric fluid on vibroacoustic signals in order to assess the possibility 

of using the signals to control the WEDM of heat-resistant tool materials with low thermal 

conductivity, for which conventional control system designs are insufficiently reliable. In 

order to validate conclusions reached in this work, we conducted a set of experimental 

studies on cutting hard alloy samples in organic oil with galvanized copper wire. We 

showed that, in contrast to the analysis of voltage and amperage used in conventional 

control systems, the analysis of VA signals allows the prevention of short circuits at high 

levels of contamination in the working zone. We also performed an experimental investi-

gation of the wire surface at the breakage point, which helped to validate theoretical con-

clusions regarding the impacts of growing contamination on the wire melting and break-

age and to confirm a link between VA signals and contamination level. 

2. Materials and Methods 

2.1. WEDM Process 

Voltage pulses can be divided into three categories: working pulses (nw), the energy 

of which is expended in removing the workpiece material; idle pulses (ni) [75–78], which 

are not able to cause a breakdown of the dielectric fluid; and short circuit pulses (nsc). 

Figure 2 schematically shows how the efficiency of the EDM process and the ratios be-

tween pulses of different types change depending on the IEG size.  

 

Figure 2. Dependence of the material removal rate (MRR) of the EDM process and the number (per-

centage of the maximum) of working pulses nw, idle pulses ni and short-circuit pulses nsc on the IEG 

parameter δ. 

As seen from Figure 2, a change in the IEG affects not only the efficiency of EDM 

processing, but also the ratios of all the aforementioned categories of pulses. While a de-

crease in δ leads to an increase in short-circuit pulses, a growing δ leads to an increased 

percentage of idle pulses. It is important to note that the maxima of productivity and the 

percentage of working pulses do not coincide. This is due to the fact that at a maximum 

in nw, the concentration of contaminants rapidly grows, leading to an increase in nsc. It is 

also important to note that the concentration of electroerosion products contaminating the 

Figure 2. Dependence of the material removal rate (MRR) of the EDM process and the number
(percentage of the maximum) of working pulses nw, idle pulses ni and short-circuit pulses nsc on the
IEG parameter δ.

As seen from Figure 2, a change in the IEG affects not only the efficiency of EDM
processing, but also the ratios of all the aforementioned categories of pulses. While a
decrease in δ leads to an increase in short-circuit pulses, a growing δ leads to an increased
percentage of idle pulses. It is important to note that the maxima of productivity and the
percentage of working pulses do not coincide. This is due to the fact that at a maximum
in nw, the concentration of contaminants rapidly grows, leading to an increase in nsc. It
is also important to note that the concentration of electroerosion products contaminating
the dielectric fluid affects both the maximum productivity of EDM and the position of its
extremum on the δ scale. In [79], a hyperbolic dependence of the ratio of working impulses
nw to their total number n on the concentration of contaminants
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3.4. Material Removal Rate (MRR) of the WEDM 

In this case, when a search for an extremum is occurring at the decreasing feed rate, 
the electroerosion process should be stopped to flush the IEG after reaching the minimum 
permissible feed rate that would automatically prevent electrode breakage. However, 
without a detailed experimental verification of such a control system, it would be more 
practical to simultaneously employ a current control system that is based on one of the 
parameters of the VA signal.  

The presence of adhesions indicates a significant increase in temperature in the cut-
ting zone and the formation of local discharges with a large area of contact with the work-
piece caused by the contamination of the dielectric fluid. As a result, pulse energy dissi-
pates and the formation of craters with boiling material does not occur, while the appear-
ance of high frequencies indicates the absence of boiling and evaporation of the workpiece 
material. These observations fully confirm the possibility of assessing the stability and 
material removal rate of the electroerosion process using vibroacoustic emission signals 
as controlling parameters. As we mentioned earlier, the dependence of the efficiency of 
EDM processing on the size of the IEG has an extremum, whose position shifts towards 
the larger IEG with the increasing concentration of contaminants ɣ. −α, (1)



Metals 2021, 11, 1865 6 of 20

where C = 0.92, α = 1.1. While the dependence (1) is likely inherent in the EDM process, the
presence of a random component in the formation of primary pollutants in the IEG and
secondary structures prevents using (1) as an analytical expression in controlling systems
of WEDM machines.

The existing systems for adjusting IEG are based on the assumption that the ratio nw/n
is proportional to the productivity of the EDM process. In this case, the control system
should monitor the proportion of working pulses and strive to maintain it at a level of
0.6–0.9 by regulating the feed rate of the electrode tool. However, there exist a number of
difficulties in assessing the fraction of working pulses. In particular, at high frequencies
of generated pulses, problems with their separation and the accurate determination of a
fraction of working pulses [70,78,79] appear. Moreover, in the presence of contaminants in
the IEG, a considerable fraction of the working pulses’ energy is expended on their removal
and heating. In this case, when discharges are localized, the control system counts working
pulses until a short circuit occurs. This means that in order to increase the efficiency of
the control system, it is necessary to identify new controlling parameters that will be more
closely related to the productivity of the electroerosion process.

2.2. Experimental Setup

We simultaneously recorded the VA signals and discharge current during normal
(stable, occurring without wire breakage) machining of workpieces made of a hard alloy
composite of WC 88%, TiC 6% and Co 6%. In the experiment, AC Cut A 900 wire with a
diameter of 0.2 mm was used, the properties of which are shown in Table 1.

Table 1. Properties of the wire electrode used in the WEDM process.

Coating Conductivity
(% IACS) Elongation (%) Material Tensile Strength

(N/mm2)

Zn 22 1.5 Brass CuZn37 900

Experimental studies were carried out using the electroerosive cut-out machine Agie
Charmilles CUT 1000 OilTech (Table 2) shown in Figure 3.

Table 2. Technical specification of the electroerosive cut-out machine Agie Charmilles CUT 1000
OilTech.

Parameter Value

Angle/workpiece height, ◦/mm ±3◦/80
Workpiece dimensions (W × D × H), mm 300 × 200 × 80

Maximum workpiece weight, kg. 35
Wire diameters, mm 0.02–0.2
Roughness, Ra µmm 0.03

Based on these records, the amplitude frequency characteristics (AFC) of the observa-
tion channel H (f ) during stable machining and before breakage the wire electrode were
plotted. Figure 4 shows VA signals recorded at the initial stage of processing of the com-
posite of WC 88% plus Tic 6% plus Co 6%, when the working dielectric fluid contained a
small amount of contaminants, and just before electrode breakage, when the concentration
of contaminants in the dielectric fluid was at a critical level.
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2.3. Monitoring of the Electrical Current Parameters

The system for monitoring the electrical current parameters in WEDM works in the
following way: the CS sends a signal proportional to the measured current with a constant
level equal to half the sensor supply voltage (+7.5 V) and maximum amplitude of the
useful signal from the sensor of 29.7 mV (with a measured current equal to 100 A). Because
the input range of the analog-to-digital converter (ADC) is ±10 V, and the bit width is
14 bits, it is necessary to match the signal from the CS with the ADC input by shifting the
constant level (+7.5 V) to zero and amplifying up to +10 V. A program gain amplifier (PGA)
and a compatible digital resistor (CDR) that acts as one of the resistive divider arms were
used for shifting. The CDR value changes discretely from 0 to 10 kilo-ohm with a width
of 8 bits via the I2C interface. PGA (1) and (2) are instrumentation amplifiers with gain
controlled by means of a parallel code, and provide a gain in the range from 1 to 8000. The
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microcontroller (MC) calculates, based on the current signal from the ADC, the “real time”
required offset and amplification coefficient and generates the controlling signal for CDR,
PGA (1) and PGA (2). This automatic control allows full use of the ADC input range and
the minimization of digital noise. With the use of a USB 2.0 (Universal Serial Bus) interface,
the ADC-digitized signal is transmitted via MC to a computer for analysis.

Since pulse energy or the work performed by the pulse in the IEG is inconvenient
for use, for generators forming voltage pulses independently of the IEG, the pulse energy
is assumed to be proportional to the average current [86–89]. In the experiments, a Hall
sensor was used to record the discharge current. The RMS signals from the Hall sensor
after amplification and processing by a high-pass filter give information on the energy
of pulses entering the IEG. The signal, which depends on the energy used for material
removal, comes from an accelerometer installed on the machine table, where the workpiece
is fixed. Low-frequency interference was preliminarily removed from the signal using
a high-frequency filter, and then the signal’s RMS was determined, the square of which
was proportional to the energy of the VA signal appearing in the elastic system due to the
corresponding processes occurring in the machining zone.

2.4. Assessment of Vibroacoustic Emissions during WEDM

Electrical pulses coming from the source of electrons and consisting of electron beams
affect the workpiece surface after passing through the working dielectric fluid and forming
discharge channels. The dielectric fluid properties change as contaminants accumulate or
are removed. A complex sequence of pulses can be represented as a random process S1 (t)
with a spectral density S1 (f), where f is the frequency. The modulus of the transfer function
of the dielectric fluid is H1 (f), and it depends on the accumulation of contaminants, the
distance between the electrodes and temperature. The pulses that have passed through
the dielectric fluid (process S2 (t)) have a dynamic effect on the elastic system consisting
of the workpiece and fixture, which has its own dynamic properties characterized by the
modulus of the transfer function H2 (f). The dynamic impacts on the workpiece occur
mainly due to evaporation of the workpiece material [10] and phase transitions in the
workpiece material due to heating. The accelerometer installed on the workpiece side
perceives vibrations (process S3 (t)) resulting from impacts of discharge pulses that have
reached the workpiece surface and performed work associated with the formation of
erosion craters. The amplitude spectrum S3 (f) of the signal perceived by the accelerometer
is determined using the following expression:

S3 (f) = H1 (f) H2 (f) S1 (f) (2)

The energy of this signal is the sum of the energies of signals arising from the inter-
action of discharges with contaminants, and secondary signals S3 (t), which appear due
to the workpiece vibration. A similar scheme can be used when registering VA signals
coming from the source of electrons. The sampling frequency for monitoring vibroacoustic
signals was 80 kHz. The RMS amplitude values were determined for each time interval
divisible by 0.01 s from 800 signal values.

3. Results and Discussion
3.1. AFCs of the Electroerosion Process of the Hard Alloy

The discharge current pulses and the AE signal recorded by an accelerometer installed
on the table fixing the workpiece were used as input and output signals, respectively.
Figure 4 compares the spectra of AE signals when cutting a workpiece made of hard alloy
at the beginning of cutting, when the concentration of contaminants is very small (curve 1),
and just before the wire electrode breakage (curve 2).

Figure 4a shows a detailed amplitude spectrum, while Figure 4b compares one-third
octave spectra. As can be seen from Figure 4, in the frequency range above 6 kHz, the AE
signal amplitudes dropped as the electrode breakage point was approaching. At the same
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time, the amplitudes in the range of 1–3 kHz increased. This was especially noticeable in
the wider frequency ranges shown in Figure 4b.

In this case, when the discharge current and the high-frequency component of the
AE served as the input and output signals, respectively, one could determine changes in
the transmission coefficient of the dynamic system during the EDM. Figure 5a shows the
changes in the RMS amplitudes of the AE signal in the range of 10–20 kHz (curve 1) and
the current (curve 2) from the beginning of cutting until electrode breakage. Curve 3 in
Figure 5b shows changes in signal transmission coefficient Kt, defined as the ratio of the
amplitudes of the output and the input signals. Since all signals were measured in mV, the
coefficient Kt is dimensionless. As seen from Figure 5b, it changed by ~20-fold during the
period between the beginning of cutting and the electrode breakage.
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Figure 5 shows the increase in the RMS of the discharge current provided by the CNC
machine control system, accompanied by a decrease in the RMS of the amplitude of the AE
signal. The decrease in the AE amplitude clearly indicates a decline in the performance of
the EDM process. In response to the declining performance, the automated control system
of the WEDM machine began, based on the analysis of the electrical current parameters
only, to increase the discharge currents. However, the falling AE amplitude showed
that at high levels of contamination of the dielectric fluid, conventional manipulations
with the discharge current yielded little to no effect, as confirmed by a marked drop in
the transmission coefficient independently, indicating a critical situation in the IEG zone.
Another important observation based on the analysis in Figure 5 was that the directions
of changes in the amplitude of the discharge current and the AE signal during the EDM
process may be different.

3.2. Acoustic Emission during Electrical Discharge Machining of Hard Alloys

Based on the literature review [90–93] and experimental results, it was found that the
processing was occurring in the normal mode in this case, when the discharge current
pulses were evenly distributed over the treated area, “choosing” the points with the highest
electrical field strength. Localization of discharges occurred when the concentration of
contaminants on the workpiece surface increased, and caused heating of a small area of
the electrode surfaces to the melting temperature, accompanied by a marked decrease
in both strength and hardness in the zone of maximum heating. Changes in the ratio of
amplitudes in the AE spectrum indicate that at growing concentrations of contaminants,
a growing fraction of the discharge energy was being expended on their removal, which
in turn reduced the density of the discharge energy reaching the workpiece surface. At the
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lowered density of the discharge energy, the major fraction of the energy was expended on
heating, to a relatively large depth, the electrodes, while the emission of vapors and material
particles into the dielectric fluid decreased, causing a marked loss in EDM performance. In
this case, phase transitions in the material being heated generated vibrations that had lower
frequencies compared to those caused by evaporation, and that impacted the low-frequency
range of the AE spectrum. Thus, increasing the volume of the heated material resulted in
increasing the amplitudes of the AE signals in the lower frequency region shown in Figure 4.
Figure 6 shows parallel recordings of AE signals in two frequency ranges, 1–3 kHz (low
frequency—lf) and 10–20 kHz (high frequency—hf), and the ratio of lf to hf amplitudes in
the period from the beginning of cutting to the electrode breakage.

Metals 2021, 11, x FOR PEER REVIEW 10 of 21 
 

 

3.2. Acoustic Emission during Electrical Discharge Machining of Hard Alloys 

Based on the literature review [90–93] and experimental results, it was found that the 

processing was occurring in the normal mode in this case, when the discharge current 

pulses were evenly distributed over the treated area, “choosing” the points with the high-

est electrical field strength. Localization of discharges occurred when the concentration of 

contaminants on the workpiece surface increased, and caused heating of a small area of 

the electrode surfaces to the melting temperature, accompanied by a marked decrease in 

both strength and hardness in the zone of maximum heating. Changes in the ratio of am-

plitudes in the AE spectrum indicate that at growing concentrations of contaminants, a 

growing fraction of the discharge energy was being expended on their removal, which in 

turn reduced the density of the discharge energy reaching the workpiece surface. At the 

lowered density of the discharge energy, the major fraction of the energy was expended 

on heating, to a relatively large depth, the electrodes, while the emission of vapors and 

material particles into the dielectric fluid decreased, causing a marked loss in EDM per-

formance. In this case, phase transitions in the material being heated generated vibrations 

that had lower frequencies compared to those caused by evaporation, and that impacted 

the low-frequency range of the AE spectrum. Thus, increasing the volume of the heated 

material resulted in increasing the amplitudes of the AE signals in the lower frequency 

region shown in Figure 4. Figure 6 shows parallel recordings of AE signals in two fre-

quency ranges, 1–3 kHz (low frequency—lf) and 10–20 kHz (high frequency—hf), and the 

ratio of lf to hf amplitudes in the period from the beginning of cutting to the electrode 

breakage. 

 
(a) 

 
(b) 

Figure 6. RMS amplitudes of the AE signals during the solid carbide segment in the frequency ranges. Curve 1: 1–3 kHz, 

curve 2: 10–20 kHz (a); curve 3: the change in the ratio of lf to hf amplitudes (coefficient Kf) (b). 

As may be seen from Figure 6, the hf amplitude decreases, the lf amplitude slightly 

increases and the coefficient Kf increases by more than one order of magnitude due to the 

opposite trends in the hf and lf amplitudes of the AE signals. In control systems, it would 

be more convenient to use the dimensionless coefficient Kf, which is less sensitive to the 

location of the sensor and to the operational modes, as a diagnostic parameter. It is quite 

clear that given a known initial value of Kf, one can easily determine its permissible per-

centage. 

3.3. Wire Breakage and “Neck” Formation 

Based on the analysis of the frequencies of acoustic emission, one can conclude that 

low-frequency discharge vibrations equaled and exceeded the vibrations at the initial mo-

ment, while the high-frequency vibrations behaved in the opposite manner, and the ratio 

Figure 6. RMS amplitudes of the AE signals during the solid carbide segment in the frequency ranges. Curve 1: 1–3 kHz,
curve 2: 10–20 kHz (a); curve 3: the change in the ratio of lf to hf amplitudes (coefficient Kf) (b).

As may be seen from Figure 6, the hf amplitude decreases, the lf amplitude slightly
increases and the coefficient Kf increases by more than one order of magnitude due to
the opposite trends in the hf and lf amplitudes of the AE signals. In control systems, it
would be more convenient to use the dimensionless coefficient Kf, which is less sensitive
to the location of the sensor and to the operational modes, as a diagnostic parameter. It is
quite clear that given a known initial value of Kf, one can easily determine its permissible
percentage.

3.3. Wire Breakage and “Neck” Formation

Based on the analysis of the frequencies of acoustic emission, one can conclude that
low-frequency discharge vibrations equaled and exceeded the vibrations at the initial
moment, while the high-frequency vibrations behaved in the opposite manner, and the
ratio of vibration amplitudes approached ~1, indicating contamination of the working
area and the formation of local breakdowns of energy, dispersed over a large area, and,
possibly, a reduction in the intensity of the boiling and evaporation process from the
material surface. Due to the increase in temperature during the passage of the discharge
through the electroerosion products, the electrode began melting.

Figure 7 shows that the electrode surface contained particles that were electroerosion
products formed in the vicinity of the electrode breakage zone due to the discharge lo-
calization. An increased concentration of these inclusions in a small area in the vicinity
of the wire breakage zone indicates that at the time of the wire breakage, welding of the
electrodes occurred. As seen from Figure 7, the “neck” diameter was reduced several fold
due to melting.
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Figure 7. Wire breakage and the “neck” diameter reduced several fold due to melting.

Evaluation of the surface quality at different stages of machining preceding wire break-
age showed that before the breakage, the value of residual irregularities increased 2.4 fold
from 16.3 µmm (Figure 8a) to 39.1 µmm (Figure 8b). A decrease in the quality of the surface
being machined is caused by the contamination of the dielectric fluid with conductive
particles. The formation of deep microcracks before wire breakage is caused by a local
discharge passing through the electroerosion products without significant resistance, which
causes an increase in the current and a decrease in the energy density in the electroerosion
process.
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The melting of the wire before its breakage was confirmed by the presence of adhesions
on the surface being machined (Figure 9a) and the EDX analysis of the sample surface
at the time of wire breakage (Figure 9b) showing the presence of the following chemical
elements: 47% Cu, 27% Zn, 16% O and 1% Fe.
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3.4. Material Removal Rate (MRR) of the WEDM

In this case, when a search for an extremum is occurring at the decreasing feed rate,
the electroerosion process should be stopped to flush the IEG after reaching the minimum
permissible feed rate that would automatically prevent electrode breakage. However,
without a detailed experimental verification of such a control system, it would be more
practical to simultaneously employ a current control system that is based on one of the
parameters of the VA signal.

The presence of adhesions indicates a significant increase in temperature in the cutting
zone and the formation of local discharges with a large area of contact with the workpiece
caused by the contamination of the dielectric fluid. As a result, pulse energy dissipates
and the formation of craters with boiling material does not occur, while the appearance
of high frequencies indicates the absence of boiling and evaporation of the workpiece
material. These observations fully confirm the possibility of assessing the stability and
material removal rate of the electroerosion process using vibroacoustic emission signals
as controlling parameters. As we mentioned earlier, the dependence of the efficiency of
EDM processing on the size of the IEG has an extremum, whose position shifts towards
the larger IEG with the increasing concentration of contaminants
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The presence of adhesions indicates a significant increase in temperature in the cut-
ting zone and the formation of local discharges with a large area of contact with the work-
piece caused by the contamination of the dielectric fluid. As a result, pulse energy dissi-
pates and the formation of craters with boiling material does not occur, while the appear-
ance of high frequencies indicates the absence of boiling and evaporation of the workpiece 
material. These observations fully confirm the possibility of assessing the stability and 
material removal rate of the electroerosion process using vibroacoustic emission signals 
as controlling parameters. As we mentioned earlier, the dependence of the efficiency of 
EDM processing on the size of the IEG has an extremum, whose position shifts towards 
the larger IEG with the increasing concentration of contaminants ɣ. .

While it is hypothetically possible to solve the problem of continuously adjusting
the IEG to the changing position of the extremum by estimating, with a large degree of
uncertainty, the fraction of working pulses, one can use acoustic emission instead [94–109].
In earlier studies of the WEDM process, it was found that changes in the energy flows
do not affect the position of the spectral maxima of VA signals and, thus, the amplitude-
frequency pattern [110]. Although the increase in the amplitude of VA signals in different
frequency ranges is not strictly proportional to the material removal rate, at the same state
of the IG the amplitude increases monotonically with the growing material removal rate.

Based on this consideration, the amplitude of high-frequency vibrations (A) is related
to the material removal rate (MRR) by the expression. In [10], experiments showed that
simultaneous measurements of the dimensions of the craters formed via electroerosion
and VA signals allow obtaining a monotonic dependence between the amplitude (A) of the
high-frequency vibration signals and the MRR, determined by the volume of the craters:

A = C MRRβ, MRR = f (γ, δ) (3)
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where β = 0.45–0.55, and C is a constant dependent on the position and properties of the
accelerometer. These parameters were derived empirically for a specific technological
system.

As we have shown earlier for the octave bands of 1–3 and 10–20 kHz, the amplitudes of
hf and lf vibrations change in the opposite directions while approaching the wire breakage
point. This allows using the ratio Kf of the effective amplitudes in different (low- and high-
frequency) octaves as a diagnostic parameter. Thus, by using changes in the amplitudes of
the VA signal in different frequency ranges, one can approximately locate the wire breakage
point and, thus, can prevent the wire breakage by timely flushing the IEG. In this case, it is
necessary to determine a critical value of the amplitude ratio Kf at which the IEG should
be flushed out because at the instant of a short circuit, the density of the incoming pulses’
energy drops sharply due to the increasing electrode contact area and, although at such
conditions the electrode materials are still being heated, their evaporation and release of
the workpiece material into the dielectric fluid stop.

There exists an extremum in the dependence of the EDM performance on the IEG value.
However, its position changes as the concentration of contaminants (γ) in the dielectric
fluid increases. Figure 9 shows that with increasing γ, the extremum shifts towards a
large gap parameter δ, while the productivity of the EDM at the extreme point gradually
decreases. In order to maintain the maximum possible EDM productivity at a growing γ, an
algorithm for controlling the δ value, which is based on analysis of AE signal parameters,
was proposed. A contamination of the working area with the electroerosion products
drastically changes the energy transfer to the surface being machined. As may be seen from
Figure 5, the increase in γ causes a lowering of both the high-frequency component of the
AE signal hf and the coefficient Kf. In this case, the high-frequency component decreases
from the beginning of cutting (γ~0) to the wire breakage (γ approaches the critical value)
by ~4-fold (Figure 5a), while Kf decreases by 15-fold (Figure 5b) over the same period.
This shows clearly that Kf= f (γ) is more sensitive to changes in γ than the high-frequency
component of the AE signal.

Figure 10 shows how δ corresponding to the maximum WEDM productivity changes
with increasing γ. Curves 1, 2 and 3 correspond to the initial moment of plunging (γ~0)
(Kf = 15), to the middle of the cycle, when the working zone is already contaminated
(Kf = 3.7), and to the critical level of contamination just before the wire breakage (Kf ~ 1),
respectively. In the example shown in Figure 5, the control system based on the elec-
trical current parameters has failed to timely detect the critical level of contamination
and increased probability of a short circuit, which have led to the breakage of the wire
electrode. In contrast, the analysis of the AE signal provides sufficient information for
timely decreasing the electrode feed rate and flushing out the IEG. One can conclude that
the extremum in the EDM productivity is continuously shifting during the entire operation
cycle, depending on the degree of contamination of the dielectric fluid. This indicates that
the EDM can be efficiently controlled by adjusting the electrode feed rate.

Although direct assessment of the contamination of the working dielectric fluid is
currently impossible, one can, with dependence (2), find the extreme value of δ from the
corresponding parameters of the AE signals. Both the amplitude of the high-frequency
signal and the Kf coefficient, which is more sensitive to changes in the working zone, can
be used as diagnostic parameters. However, in order to find the extremum of MRR (δ), it
is unnecessary to have the exact dependence (2). To start searching for an extremum, it is
necessary to establish on which branch of the MRR (δ) dependence (Figure 9) the system is
located at the moment. This can be achieved by varying δ with a parallel estimate of the rise
or fall in the effective amplitude of the AE signal. This will make it possible to determine
the direction of change in the gap δ by increasing or decreasing the feed rate of the electrode.
The change in the feed rate continues until the vicinity of the extremum is reached, where
the increments in the feed rate cease to affect the change in the vibration signal amplitude.
It is conceivable that the proposed algorithm can be improved by separating, at the first
step, the branch of the dependence MRR (δ) by analyzing fractions of nsc and ni. In order
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to assess which method of searching for the extremum will give the best results, additional
experiments are needed.
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The first step in the algorithm of searching for the extremum in the gap parameter by
monitoring the AE parameters is aimed at determining on which side of the extremum the
current position of δ is located. Since (see Figure 9) the extremum shifts towards growing δ

as γ increases, the first step is to increase δ by decreasing the feed rate. In that case, when
this leads to a decrease in amplitudes or Kf, the direction of change in the gap δ is erroneous
and the gap parameter δ should be reduced by increasing the feed rate. The decrease in δ

continues until the values of the amplitudes or Kf stop growing, indicating that the position
of the gap is in the vicinity of the extremum of EDM performance. In this case, when an
increase in the gap parameter δ due to a decreasing feed rate leads to an increase in A or Kf,
then the current gap position is on the left-hand side of the extremum, and, thus, δ should
be increased further until the amplitudes or Kf stop growing. When the initial increase in
the gap parameter δ does not lead to a noticeable change in the amplitude A or Kf, the feed
rate is not changing, but the cycle should be continuously repeated because a tendency for
the increase in the concentration of contaminants persists.

In this case, when the search for the extremum is occurring at the decreasing feed rate,
the electroerosion process should be stopped to flush the IEG after reaching the minimum
permissible feed rate that would automatically prevent electrode breakage. Therefore, one
can conclude that the development of a reliable method for industrial WEDM of hard
alloys with low thermal conductivity is achievable via the use of the feedback from the
monitoring of VA signals.

4. Conclusions

In this paper, the physicomechanical nature of the WEDM of hard alloys was investi-
gated, and the possibility of using acoustic emission parameters for controlling WEDM
stability and productivity was explored. Currently, the control systems for CNC WEDM
machines are based on assessment of electrical parameters such as amperage and voltage.
However, existing control systems are unable to timely detect conditions at which the risk
of wire breakage appears due to poor heat dissipation when hard alloys with high heat
resistance and low heat conductivity are being machined, or to prevent wire breakage by
stopping the electrode feed and flushing out the IEG. This is due to the presence of pulses,
identified by the conventional control system as “working”, which, however, expend only
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a fraction of their energy on material removal, while the remaining fraction is expended
on heating and removing the electroerosion products in the dielectric fluid. This indicates
that a conventional control system based on the electrical parameters may not detect short
circuits appearing due to the pulse localization caused by contamination of the working
zone and cannot timely adjust the IEG to provide maximum WEDM productivity. In view
of these circumstances, controlling the WEDM process via monitoring of the parameters
of the AE signals was considered, and a concept of regulating the feed rate of the wire
electrode to adjust the IEG to maximum WEDM productivity and to prevent short circuits
at high levels of contamination in the working zone was developed.

In this work, we investigated the WEDM of a hard alloy consisting of 88% WC,
6% TiC and 6% Co, which has high heat resistance and electrical conductivity and low
thermal conductivity. A standard (stock) automated control system supplied with the CNC
WEDM machine was used for monitoring of the electrical current. The WEDM machine
operation was monitored from the plunging until the breakage of the wire electrode. AE
signals were recorded in octave bands with central frequencies of 1–3 and 10–20 kHz.
It was found that at the initial moment when the dielectric fluid was virtually free of
contaminants, the amplitude of the high-frequency component of the VA signal had its
highest value. However, as the contamination level increased, the amplitude of the high-
frequency component of the AE signal decreased, while the low-frequency component in
an octave of 1–3 kHz increased. By the time of the wire breakage, the amplitude of the
high-frequency component in the octave of 10–20 kHz had decreased more than 5-fold,
the amplitude of the low-frequency component in the octave of 1–3 kHz had increased
more than 2-fold, and their ratio, the coefficient Kf, decreased 12-fold. The coefficient Kf
is dimensionless, less sensitive to the location of the accelerometer and more informative
than the individual amplitudes in the selected frequency band; thus, it could be used
as a new diagnostic parameter. The presence of a random component in changes in the
concentration of contaminants in the IEG makes changes in AE parameters not strictly
monotonous. However, the ranges of variation in the AE parameters allow determining
the threshold/critical value at which the feed should be stopped and the IEG should be
flushed out to remove the electroerosion products contaminating the working zone.

To evaluate the efficiency of Kf as a diagnostic parameter, we investigated the quality
of the surface being machined at the beginning of processing and after the wire breakage.
The analysis of residual irregularities on the surface at the electrode breakage point showed
the presence of deep cracks and craters typical of short-circuit machining. It was also found
that the workpiece surface was full of deposits/sticks, whose chemical composition was
identical to that of the wire material. The presence of the deposits evidenced heating and
melting of the wire due to the increased concentration of contaminants causing short cir-
cuits. It was also shown that the wire breakage was accompanied by the “neck” formation,
which indicated simultaneous impacts of the local heating of the wire material and tensile
forces. Due to the elevated temperature, the mechanical properties of the wire material
were quickly deteriorating, a “neck” was being formed, and, finally, the wire broke. At the
wire breakage point, sticks/deposits of the workpiece material and electroerosion products
were clearly visible, which evidenced a partial loss of the pulses’ energy on heating the
electroerosion products and electrodes. Further increase in contamination level led to short
circuits and subsequent breakage of the wire electrode. The conventional control system,
which is based on the assessment of voltage and amperage, was unable to detect the risk
of wire breakage due to its inability to distinguish between the working pulses that fully
expended their energy on material removal and those that expended only a fraction of their
energy on material removal. Short circuits before wire breakage are very common, but they
do not drastically increase the discharge current. This makes prompt detection of short
circuits very difficult, if not impossible, thus resulting in the overheating and breakage of
the wire electrode.

The analysis of VA signals, in contrast, clearly indicated the risk of wire breakage due
to contamination, discharge localization and subsequent short circuits. A link between
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the VA signal and the contamination level is related to a loss of pulse energy on heating
and removing electroerosion products. A decrease in the density of energy transferred to
the workpiece surface leads to the reduced evaporation of the workpiece material and the
decreased emission of vapors and particles into the dielectric working fluid, which results
in the decreased amplitude of the high-frequency component of the VA signal. At the same
time, the volume of the workpiece material being heated grows, causing solid–liquid phase
transitions responsible for the low-frequency component of VA signal. When a short circuit
occurs, the contact area of the electrodes sharply increases, and the power density of the
heat flux to the workpiece surface decreases, which is responsible for an instantaneous
decrease in the amplitude of the high-frequency component of the VA signal.

Due to the constant change in the concentration of contaminants in the IEG, its settings
for the highest productivity of WEDM are also continuously changing. The monotonic
dependence of WEDM productivity on the AE parameters suggests the possibility of
adaptively adjusting the wire electrode feed rate to the highest WEDM productivity at a
given (current) contamination level. The feed rate of the wire electrode should be decreased
as the concentration of contaminants increases, until reaching the critical value of the
diagnostic parameter, Kf, at which the feed stops and the IG flushes out.

Experimental results show that the analysis of VA signals allows for the prevention of
short circuits at high levels of contamination in the working zone and, thus, elimination of
the risk of wire breakage. The experimental investigation of the wire surface at the time of
wire breakage confirmed both theoretical conclusions regarding the impacts of growing
contamination on wire melting and breakage and the link between VA signals and the level
of contamination.

The link between the AE signals and the physicomechanical nature of WEDM investi-
gated in this work provides a clear perspective on the use of AE signals for preventing short
circuits and breakage of wire electrodes and for increasing the productivity and reliability
of electroerosion processes. In particular, the monitoring of AE signals can be used as a
main or supplementary component in control systems for CNC WEDM machines.

Further experimental research will include validation of new WEDM performance
indicators at variable current, voltage and IEG size. In order to evaluate the developed
approach, variable operational modes will be used to reduce the coefficient Kf and to
increase the stability of the WEDM process at high levels of contamination in the working
zone. Because this new approach to monitoring and controlling the WEDM process is quite
universal and flexible, it will be extended further to include a wider range of cutting tool
materials with low electrical conductivity, which in turn will allow for further expansion of
the WEDM application field.
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